Dopamine is an important neuromodulator in the central nervous system (CNS) that plays a critical role in reward, motivation, memory, attention, movement, and sensory processing [1] . During visual sensory processing, dopamine is synthesized in and released from a sparse population of retinal wide-field amacrine interneurons upon light exposure [2] . Dopamine released from these dopaminergic amacrine cells (DACs) diffuses through the cellular interstitial space of the retina and acts on numerous levels of retinal circuitry and all major classes of retinal neurons (rod and cone photoreceptors, as well as bipolar, horizontal, amacrine, and ganglion cells), mediating light adaptation for the visual system [3] [4] [5] [6] [7] [8] .
the subtypes of AMPA receptors expressed on DACs could provide an indication that DACs undergo synaptic plasticity during light adaptation.
We characterized biophysical and pharmacological properties of AMPA receptor-mediated light-induced responses and miniature excitatory postsynaptic currents (mEPSCs) of DACs in mouse retinas. We found that DACs express functional Ca 2+ -impermeable AMPA receptors. This physiologic finding was supported by immunohistochemistry data demonstrating the expression of GluA2 subunits on DACs.
METHODS
Male and female adult mice (2 to 4 months old) were used for the present study. The mice were housed in the Oakland University animal facility on a 12-h:12-h light-dark cycle. Food and water were available ad libitum. All procedures conformed to National Institutes of Health (NIH) guidelines for laboratory animals and were performed in conformity with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. The study was approved by the Institutional Animal Care and Use Committee at Oakland University.
The four mouse lines described below were used for the present study. All of the lines were bred on a mixed C57BL/129 background. The first mouse line was the wildtype mice used for the immunohistochemistry study. The second mouse line was wild-type mice in which DACs are genetically labeled by the rate-limiting enzyme catecholamine biosynthesis tyrosine hydroxylase (TH)-driven red fluorescent protein (RFP) used to visualize DACs for the mEPSC recordings (referred to as wild-type TH::RFP mice) [34] . The third mouse line was TH-RFP mice that are homozygous for the cone photoreceptor-specific cyclic nucleotide channel Cnga3 mutation and the rod-specific G protein transducin α-subunit Gnat1 mutation used to isolate light-induced melanopsin (Opn4)-based responses in DACs (Opn4-function-only TH::RFP mice) [18] . The fourth mouse line was TH::RFP transgenic mice homozygous for the Gnat1 and Opn4 mutations (cone-function-only TH::RFP mice) used to examine cone input to DACs [10] .
Immunohistochemistry was performed as previously described [18] . Eyecups were fixed for 1 h in 4% paraformaldehyde and incubated in 30% sucrose overnight. The eyecups were frozen in a sucrose/optimum cutting temperature (OCT) solution and cut into 12 µm sections using a cryostat (Leica CM3050 S, Wetzlar, Germany). Retina slices were blocked for 2 h with 1% bovine serum albumin (BSA, Fisher Scientific, Hampton, NH) and 0.3% Triton X-100 (Sigma-Aldrich Corp., St. Louis, MO). They were then incubated overnight with primary antibodies against GluA2 (mouse monoclonal, concentration 1:500, MABN1189, or rabbit polyclonal, concentration 1:500, AB1768-I, EMD Millipore, Billerica, MA) [35, 36] , TH (sheep polyclonal, concentration 1:500, AB1542, EMD Millipore), and PSD-95 (mouse monoclonal, concentration 1:250, K28/43, NeuroMab, Davis, CA). Following incubation in the primary antibody, the samples were rinsed in 0.1 M PBS (1X; 137 mM NaCl, 26.8 mM KCl, 10.1 mM Na 2 HPO 4 , 17.6 mM KH 2 PO 4 , pH 7.4) and incubated in appropriate secondary antibodies (donkey anti-rabbit Alexa 488, donkey anti-sheep Alexa 568, and donkey antimouse Alexa 647; concentration 1:500; Life Technologies, Carlsbad, CA) for 2 h. Finally, samples were coverslipped with mounting solution (Vector Laboratories, Burlingame, CA) for imaging.
The specimens were visualized using confocal microscopy (Nikon Eclipse Ti confocal microscope, Nikon Instruments, Tokyo, Japan, or Leica TCS SP8 confocal microscope, Leica Microsystems, Wetzlar, Germany). Sequential scanning was used to eliminate crosstalk between fluorophores. All images were collected as z-stacks with 0.2 µm spacing. Images collected from the inner plexiform layer were deconvolved using NIS Elements AR. To illustrate colocalization, a single slice was selected from each image stack. NIS Elements AR was used to adjust the brightness and contrast of each channel for clarity.
Whole-cell recording procedures were identical to those described previously [18] . Briefly, an isolated retina was transferred to a recording chamber with the ganglion cell layer side up and mounted on the stage of an upright conventional fluorescence microscope (BX51WI, Olympus, Tokyo, Japan). An oxygenated extracellular medium (pH 7.4 bubbled with 95% O 2 -5% CO 2 ) continuously perfused the recording chamber at a rate of 2-3 ml/min, and was maintained at 32-34 °C with a temperature control unit (TC-344B, Warner Instruments, Hamden, CT). The extracellular solution contained the following (in mM): 125 NaCl, 2.5 KCl, 1 MgSO 4 , 2 CaCl 2 , 1.25 NaH 2 PO 3 , 20 glucose, and 26 NaHCO 3 . Cells and recording pipettes were viewed on a computer monitor coupled to a digital camera (XM10, Olympus, Tokyo, Japan) mounted on the microscope. After being visualized by fluorescent light using a rhodamine filter set, TH::RFPexpressing cells were randomly selected for recording. The identified cells and glass electrodes were then visualized using infrared differential interference contrast optics (900 nm Nomarski DIC, Olympus, Tokyo, Japan).
Whole-cell voltage-clamp recordings were made from the soma of RFP-labeled DACs using 7-10 MΩ electrodes and an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA). The intracellular solution for the wholecell voltage-clamp experiments contained (in mM) 120 Cs-methanesulfonate, 5 EGTA, 10 HEPES, 5 CsCl, 5 NaCl, 0.5 CaCl 2 , 4 Na-ATP, 0.3 Na-GTP, and 5 lidocaine n-ethylchloride (QX-314); the pH was adjusted to 7.2-7.4 with CsOH. QX-314 was used to block intrinsic Na + -channel-mediated action potentials in DACs, thus highlighting extrinsic lightinduced inward currents in the cells and improving the space clamp quality of the voltage clamp. TTX (1 µM) was added to block action potentials from neurons presynaptic to DACs when the DAC mEPSCs were recorded. The liquid junction potential was measured as −10 mV, and was corrected. All electrophysiological data were acquired using a Digidata 1550A digitizer (Molecular Devices, Sunnyvale, CA). D-2-amino-5-phosphonopentanoate (D-AP5) and L-(+)-2-Amino-4-phosphonobutyric acid (L-AP4) were purchased from Hello Bio (Avonmouth, UK). All other chemicals were obtained from Tocris Bioscience (Ellisville, MO). The drugs were stored in frozen stock solutions and dissolved in an intracellular or extracellular solution before the experiments.
Light stimuli were generated using a 470-nm LED (LED Supply, Randolph, VT; and LC Corp, Brooklyn, NY) to stimulate the melanopsin chromophore (peak sensitivity of approximately 480 nm). An LED controller (Mightex, Pleasanton, CA) was used to drive the LED, and the light intensity was adjusted by varying the driving current. The light intensity was measured at the surface of the retina using an optical power meter (units were converted from µW/cm 2 to photons·cm −2 ·s −1 ; model 843-R; Newport, Irvine, CA). A light intensity of 4.7 × 10 13 photons·cm −2 ·s −1 was used for all experiments.
Electrophysiological data were analyzed using the Clampfit 10.4 (Molecular Devices), SigmaPlot 12.0 (Systat Software, San Jose, CA), and MiniAnalysis (Synaptosoft, Fort Lee, NJ) software packages. Light-induced EPSCs of the DACs were measured as the peak current evoked by the onset of the light. To assess the effects of pharmacological agents, the reduction of the light-induced peak current amplitude was evaluated for statistical significance using a paired t test. To construct the I-V relationship, the peak current amplitudes of AMPA receptor-mediated EPSCs recorded at −60 mV, 0 mV, and +40 mV were measured. The amplitudes at different holding potentials were normalized to the amplitude at −60 mV. Normalized peak currents from different cells at the same holding potential were averaged and then plotted against the holding potential. To quantify the rectification of the I-V relationship, the rectification index (RI) was used [31] . To calculate the RI, the predicted EPSCs' value at +40 mV was linearly extrapolated from the actual EPSCs at −60 mV to 0 mV. The RI was defined as the ratio of the actual to the predicted amplitudes of the EPSCs at +40 mV.
An analysis of the mEPSCs was conducted using Mini Analysis 6.0 (Synaptosoft) [37] . Events were automatically detected with an amplitude threshold set to twice the standard deviation of baseline noise (approximately 4 pA) from the 60-s recording of each cell. Based on the biophysical properties of the AMPA receptor-mediated events [38] , the events whose 10% to 90% rise time was less than 0.1 ms or more than 10 ms were manually excluded. The amplitudes of the remaining events were pooled to construct a cumulative amplitude probability distribution using SigmaPlot. Statistical comparisons of the cumulative distributions before and during the application of a pharmacological agent were made using the Mann-Whitney U test. The amplitudes of the remaining events were also averaged to obtain the mean amplitude for each cell. The mean amplitudes of a group of cells before and during the application of a pharmacological agent were averaged, respectively, and statistical comparisons were made between them using the paired t test. A Student t test was used for comparison between two independent groups. Values are presented as the mean ± standard error of the mean (SEM) in the present study, and a p value of less than 0.05 was considered statistically significant.
RESULTS

Light-induced AMPA receptor-mediated EPSCs of DACs exhibit an outward rectification:
To determine the biophysical properties of DAC AMPA receptors, we characterized the I-V relationship of AMPA receptor-mediated light-induced EPSCs of DACs. DAC light-induced EPSCs are mediated by rods, cones, and ipRGCs in the wild-type retina [9, 11, 15] . Because rods drive DACs through bipolar cells or AII amacrine cells that also express AMPA receptors [27, 28] , we genetically eliminated input from rods in the mice we used for electrophysiology. We examined inputs from cones using the cone-function-only TH::RFP mice and from ipRGCs using the Opn4-function-only TH::RFP mice, respectively (see the Methods section). As almost 100% of DACs receive input from ipRGCs in the dorsal retina [11] , we performed DAC recordings from this region ( Figure 1 To construct an I-V curve, the DAC AMPA receptormediated light-induced EPSCs were measured from a DAC held at −60 mV, 0 mV, and 40 mV in the presence of the cocktail. Figure 1A illustrates an example of the AMPA receptormediated DAC light-induced EPSCs recorded at 40 mV and −60 mV in an Opn4-function-only retina. We found that the peak amplitudes of the currents at these holding voltages were close to each other (19 pA versus −23 pA). A mean I-V curve was constructed by plotting the normalized peak amplitudes of the DAC AMPA receptor-mediated light-induced EPSCs at 40 mV, 0 mV, and −60 mV (see the Methods section). Notably, the mean I-V relationship was slightly outwardly rectifying ( Figure 1C ). This outwardly rectifying I-V relationship could be caused by the contribution of Ca 2+ -impermeable AMPA receptors or disinhibition of Ca 2+ -permeable AMPA receptors diluting the intracellular polyamines normally present in DACs. When we added the polyamine spermine (100 μM) to the recording pipette solution, however, we found that spermine did not change the I-V relationship of the DAC AMPA receptor-mediated light-induced EPSCs ( Figure  1B,C) . This result suggests that the contribution of Ca 2+permeable AMPA receptors is limited. The conclusion is further supported by the calculation of the RI (see Methods). An RI value of 0 indicates that the light-induced EPSCs are exclusively mediated by Ca 2+ -permeable AMPA receptors, whereas 1 denotes exclusively Ca 2+ -impermeable AMPA receptors [31] . The data showed that the mean value in the absence of spermine was larger than 1 (1.40±0.19, n=4). This value was not statistically significantly changed in the presence of spermine (1.67±0.04, n=10, unpaired t test, p>0.05, Figure 1D ), indicating that the AMPA receptors that mediated the DAC light-induced EPSCs appeared to be Ca 2+impermeable subtypes.
GYKI53655 but not PhTX and IEM1460 block AMPA receptormediated light-induced EPSCs of DACs:
No specific Ca 2+impermeable AMPA receptor antagonists are currently available. Therefore, we combined GYKI53655, a pan-specific AMPA receptor antagonist, and PhTX and IEM1460, two antagonists of Ca 2+ -permeable AMPA receptors, to confirm the expression of Ca 2+ -impermeable AMPA receptors in DACs. We found that PhTX (5 µM) had no effect on the DAC AMPA receptor-mediated light-induced EPSCs recorded from Opn4-function-only retinas (Figure 2A ,B, control: 18.4±3.30 pA versus PhTX: 18.6±3.60 pA, n=7, paired t test, p>0.05). In the same mouse model, we found that IEM1460 (50 µM) had no statistically significant effect either (control: 41.25±7.930 pA versus IEM1460: 39.75±8.520 pA, n=4, paired t test, p>0.05). However, GYKI53655 (30 µM) almost completely blocked the DAC AMPA receptor-mediated light-induced EPSCs ( Figure 2C ,D, control: 27.28±3.420 pA versus GYKI: 2.57±0.68 pA, n=7, paired t test, p<0.001).
To determine whether input from cone photoreceptors to DACs is also mediated by Ca 2+ -impermeable AMPA receptors, we examined DAC AMPA receptor-mediated light-induced EPSCs in the cone-function-only TH::RFP mice ( Figure 3A, top trace) . In the presence of 5 µM PhTX, the peak amplitude of the EPSCs remained unchanged ( Figure  3A , bottom trace). We averaged the data obtained before and during the PhTX application, and the mean peak amplitude of the DAC AMPA receptor-mediated light-induced EPSCs was not changed by PhTX ( Figure 3B , control: 11.67±2.17 pA versus PhTX: 13.63±3.690 pA, n=3, paired t test, p>0.05). Collectively, these results suggest that antagonists of Ca 2+permeable AMPA receptors have no effect on the GYKIsensitive AMPA receptor-mediated light-induced EPSCs of DACs, providing support for the idea that DACs express functional Ca 2+ -impermeable AMPA receptors. 
PhTX does not change the amplitude of AMPA receptor-mediated mEPSCs of DACs:
We next determined whether PhTX affects the amplitude of the DAC AMPA receptor-mediated mEPSCs, which are generated by the spontaneous release of a single vesicle or quantum of glutamate onto a postsynaptic neuron in the absence of presynaptic action potentials. Changes in mEPSC amplitude generally reflect postsynaptic modulation, whereas changes in mEPSC frequency are associated with presynaptic changes in the probability of quantal release [39] . To eliminate action potentials, 1 µM TTX was added to the cocktail of antagonists described above. An examination of whole-cell voltage-clamp recordings from the DACs in wild-type TH::RFP retinas at the holding potential of −70 mV revealed events resembling mEPSCs ( Figure 4A , top trace). These events could be mediated by glutamatergic input from ON-bipolar cells, ipRGCs, or both. The events were completely blocked by 50 µM GYKI53655 (data not shown), suggesting that DAC mEPSCs are mediated by AMPA receptors. However, 5 µM PhTX had no notable effect on the DAC mEPSCs ( Figure 4A, bottom trace) . Cumulative probability distributions of AMPA receptor-mediated mEPSC amplitudes were constructed and compared before and during the application of PhTX for each DAC tested (n=6). PhTX did not statistically significantly alter the amplitude probability distributions in each tested DAC ( Figure 4B , Mann-Whitney U test, p>0.05). We also averaged the AMPA receptor-mediated mEPSC amplitudes before and during the application of PhTX from six DACs, and the mean amplitude was not changed by PhTX ( Figure 4C ). The results further support the notion that DACs express functional Ca 2+ -impermeable AMPA receptors.
Expression of GluA2 subunits on the processes of DACs:
To further validate the DACs' exhibition of Ca 2+ -impermeable AMPA receptors, we examined the expression of GluA2 subunits on DACs using immunohistochemistry. We colabeled GluA2 and TH in vertical retinal slices of the wild-type mice. Mouse monoclonal and rabbit polyclonal antibodies against GluA2 were used [35, 36] . For the mouse monoclonal antibody, we found that dense punctate GluA2 staining was observed in the inner plexiform layer ( Figure 5 , middle panel). Within this layer, putative colocalization of GluA2 and TH was detected in the processes of the TH-labeled cells ( Figure 5, right panel) .
For the rabbit polyclonal antibody, we found that dense GluA2-immunoreactive puncta were distributed in the inner nuclear layer and the inner plexiform layer (Figure 6A2 , green). To determine whether the punctate GluA2 staining on TH-positive processes (Figure 6A1 , red) coexpresses with synaptic proteins, we included PSD-95, a post-synaptic protein marker in the staining. Dense PSD-95-immunoreactive puncta were observed in the inner plexiform layer ( Figure  6A3 , blue). Some overlapped with GluA2 staining on the TH-positive processes ( Figure 6A4, arrows) , but others did not ( Figure 6A4, open arrowheads) . PSD-95 non-colocalized GluA2 puncta ( Figure 6A4, arrowheads) were also observed on the TH-positive processes. Two additional overlay images ( Figure 6B ,C) revealed more colocalizations of PSD-95 and GluA2 staining on TH-positive processes. The results suggest that putative synaptic and extrasynaptic GluA2-containing AMPA receptors are expressed on DACs. Similar results were observed in retinas obtained from three additional mice.
DISCUSSION
The major finding of the present study is that GluA2containing Ca 2+ -impermeable AMPA receptors contribute to signal transmission from photosensitive retinal cells to DACs. First, the Ca 2+ -permeable AMPA receptor antagonist PhTX had no detectable effects on DAC AMPA receptormediated light-evoked EPSCs and mEPSCs, supporting the idea that DACs express functional Ca 2+ -impermeable AMPA receptors. We noticed that PhTX-resistant Ca 2+ -permeable AMPA receptors are expressed on retinal neurons [40] . These neurons are highly unlikely to be DACs, because of the consistent results obtained by two additional Ca 2+ -permeable AMPA receptor antagonists: IEM1460 and spermine. Second, the I-V relationship of the DAC AMPA receptor-mediated light-evoked EPSCs showed an outward rectification. This outwardly rectifying I-V relationship was exactly the opposite of the inwardly rectifying I-V relationship of Ca 2+permeable AMPA receptors, further demonstrating that DACs express GluA2-containing Ca 2+ -impermeable AMPA receptors. Finally, GluA2 subunits were coexpressed with PSD-95 on the processes of DACs. This result expands our previous finding that DACs express AMPA receptors with a pan-AMPA receptor antibody by demonstrating a specific subunit on this cell type [17] . Although these DACs were not the cells used to perform electrophysiology, the data implied that CluA2-containing Ca 2+ -impermeable AMPA receptors contribute to signal transmission from photosensitive cells to DACs in the mouse retina.
Observing that AMPA receptors show an outwardly rectifying I-V relationship is unusual. A previous study demonstrated that somatic outside-out patches that express Figure  1) . A: Representative sweeps recorded from a DAC before and during 5 µM PhTX are shown. B: Cumulative probability distributions of AMPA receptor-mediated mEPSC amplitudes from this cell show that PhTX had no effect (p>0.05, Mann-Whitney U test). C: A bar graph shows that average AMPA receptor-mediated mEPSC amplitudes were not changed by PhTX (mean ± standard error of the mean (SEM), n=6, p>0.05, paired t test).
extrasynaptic Ca 2+ -impermeable AMPA receptors exhibit an outwardly rectifying I-V relationship [41] . Dense punctate GluA2 immunostaining with a rabbit polyclonal antibody was observed in the inner nuclear layer where somata are located. PSD-95 non-colocalized GluA2 puncta were also seen in TH positive processes. These results suggest that DACs may express extrasynaptic GluA2-contained AMPA receptors, contributing to the outwardly rectifying I-V relationship of DAC AMPA receptors. In contrast to the rabbit polyclonal GluA2 antibody, the mouse monoclonal GluA2 immunoreactive puncta were primarily distributed in the inner plexiform layer. The cause of this difference is unclear [35, 36] . As the PSD-95 antibody used was also raised in mice, we were unable to use the mouse monoclonal GluA2 antibody to demonstrate the extrasynaptic expression of GluA2 on DACs. Therefore, the extent to which the outwardly rectifying I-V relationship of DAC AMPA receptors is a result of their extrasynaptic expression remains to be further investigated.
The present results suggest that GluA2-containing Ca 2+impermeable AMPA receptors contribute to the direct glutamatergic inputs from ON cone bipolar cells and ipRGCs to DACs, but the GluA2-lacking Ca 2+ -permeable AMPA receptors do not [17] . ON cone bipolar cells can relay cone signals directly to DACs. Rod signals also enter ON cone bipolar cells through the primary rod pathway (rod → rod bipolar cell → AII amacrine cell → cone bipolar cell) and then enter the DACs. In this rod pathway, AII amacrine cells contain Ca 2+ -permeable and Ca 2+ -impermeable AMPA receptors [28] . Therefore, Ca 2+ -permeable AMPA receptors on AII amacrine cells are also involved in signal transmission from rods to DACs through ON cone bipolar cells.
Research to date has demonstrated that AMPA and NMDA receptors are coexpressed on DAC synapses, mediating dopamine release during light adaptation [13, [17] [18] [19] . The present results imply that Ca 2+ -impermeable AMPA receptors mediate fast signal transmission to DACs. Because NMDA receptors are Ca 2+ -permeable [42] , they could mediate the synaptic plasticity of the dopaminergic network during light adaptation. NMDA receptor-induced synaptic plasticity of AMPA receptors is the best-understood mechanism for activity-dependent regulation of synaptic strength, such as short-and long-term potentiation in the CNS [43, 44] . In the retina, light can convert Ca 2+ -impermeable AMPA receptors to Ca 2+ -permeable AMPA receptors in retinal ganglion cells by activation of NMDA receptors [31] . If this also occurs on DACs, the activation of NMDA receptors could result in the conversion of Ca 2+ -impermeable AMPA receptors to Ca 2+ -permeable AMPA receptors. The newly inducted Ca 2+permeable AMPA receptors have a high Ca 2+ permeability, which could provide an additional source of intracellular Ca 2+ . This process enhances further AMPA receptor insertion, promoting metaplasticity and facilitating NMDA receptormediated potentiation of signal transmission to DACs.
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